Master Student's short-term studying abroad. Confocal microscopy and SEM were performed in the VCU Microscopy Facility of Virginia Commonwealth University (5P30NS047463). TEM was performed at Randolph-Macon College (NSF1229184). Significance Statement: Intraflagellar transport is essential for the assembly and maintenance of most eukaryotic cilia and flagella. Sperm have longer flagella/cilia of than any other mammalian cells. Besides the core "9+2" axoneme structure, the sperm tail has accessory structures, including outer dense fibers and the fibrous sheath. Our study demonstrated that IFT25, an IFT component that is not required for ciliogenesis in primary cilia and motile cilia in the somatic tissues, plays a fundamental role in sperm flagella formation. Our findings suggest that the mechanism of sperm flagella assembly is different from that of somatic cells, and that IFT25 plays a special role in male germ cell development. 
Introduction
The cilium or flagellum is a cell organelle supported by a microtubular scaffold, the axoneme, and is surrounded by a membrane that is continuous with the cell's plasma membrane but is specialized in protein and lipid content [1] [2] [3] . Cilia and flagella protrude from the surface of many eukaryotic cells and have various functions ranging from cell locomotion to the sensing of environmental stimuli [4, 5] . As evolutionarily conserved cellular appendages, cilia and flagella are assembled and maintained by a motility process called intraflagellar transport (IFT), which was first discovered in the unicellular green algae Chlamydomonas [6] . IFT involves a pool of large nonmembrane-bound protein complexes, termed IFT particles, that lie in close proximity to the basal body and move from the base to the tip of the flagellum, and then back to the base [7, 8] . The IFT machinery comprises IFT-A and IFT-B protein complexes, which contain at least six and sixteen polypeptides, respectively. Those IFT particles are thought to carry precursors needed for ciliary/flagellar assembly from the site of synthesis in the cell body to the site of assembly in the cilium/flagellum, and the IFT complexes serve as adaptors to mediate contacts between cargo proteins and motors. Although these complexes are thought to travel together, different members of each complex have been proposed to serve broadly distinctive roles [8] .
Among the IFT genes, Ift25 is of particular interest. IFT25 is conserved in many but not all ciliated eukaryotes. It is well conserved throughout the vertebrates and is also present in some invertebrates such as urchins, anemones, and Trichoplax. Ift25 is not found in many model organisms such as plants, Saccharomyces, Caenorhabditis, Drosophila, or Plasmodium, but is conserved in Chlamydomonas and there are distant homologs in the parasitic protozoa Leishmania and Trypanosoma [9] .
Mouse IFT25 was identified in an effort to characterize mouse IFT complex B components [10, 11] . Its homolog, C1orf41, a human IFT27/Rabl4-binding protein [12] , was first identified as a saltextractable protein from placenta and named pp25 [13] , and was later described as a small heat shock protein [14, 15] and called Hspb11, Hsp16.2, and HSPCO34. Subsequent coimmunoprecipitation (co-IP) assay confirmed that mouse IFT25 is present in the same complex with other mouse IFT B components and is localized in the cilium and centriole in transfected mammalian cells [10] . The IFT25 ortholog in Chlamydomonas, FAP232, was identified in an effort to study uncharacterized putative flagellar proteins [16] . FAP232 showed a spotted distribution along the flagellum and an accumulation at the basal bodies. This pattern is characteristic for IFT proteins. FAP232 colocalized with the IFT protein IFT46 and cosedimented with IFT particles in sucrose gradients. Furthermore, FAP232 was coimmunoprecipitated with IFT complex B protein IFT46, but not with IFT complex A protein IFT139. Thus, FAP232 is a novel component of IFT complex B and has been renamed IFT25 [16] . Further studies demonstrated that Chlamydomonas IFT25 is a phosphoprotein. Like human IFT25, Chlamydomonas IFT25 also binds to Chlamydomonas IFT27, and the two proteins colocalize at the distal-most portion of basal bodies, probably the transition zones, and concentrate in the basal body region by partially overlapping with other IFT complex B subunits, such as IFT46. In flagella, the majority of IFT27 and IFT25 including both phosphorylated and nonphosphorylated forms are cosedimented with other complex B subunits in the 16S fractions. In contrast, in cell bodies, only a fraction of the IFT25 and IFT27 proteins are integrated into the preassembled complex B, and IFT25 detected in complex B is preferentially phosphorylated [17] .
The crystal structure of Chlamydomonas reinhardtii IFT25/27 revealed that IFT25 and IFT27 interact via a conserved interface. IFT27 displays the fold of Rab-like small guanosine triphosphate hydrolases (GTPases), binds GTP and GDP with micromolar affinity, and has very low intrinsic GTPase activity, suggesting that it likely requires a GTPase-activating protein (GAP) for robust GTP turnover. A patch of conserved surface residues contributed by both IFT25 and IFT27 is found adjacent to the GTP-binding site and could mediate the binding to other IFT proteins as well as to a potential GAP [18] .
To study the role of IFT25 in mammals, Ift25 knockout (KO) mice were generated. Ift25 KO die at birth with multiorgan structural birth defects, including abnormal skeletons, structural heart, and lung disease. It is not required for cilia assembly in MEFs and tracheal epithelial cells; however, Ift25 KO have Hedgehog signaling defects within the primary cilia. In MEFs, most of the IFT subunits, including IFT88, 57, 20, 140, were not significantly affected by the loss of IFT25, IFT27 was strongly depleted [19] . IFT25 is also not required for ciliogenesis in skin, but is essential for hedgehog signaling during hair follicle morphogenesis [20] .
Given that genes encoding IFT25 homologs are absent from the genomes of organisms that lack cilia and flagella and, interestingly, also from those of Drosophila melanogaster and Caenorhabditis elegans, it is likely that IFT25 has a specialized role in IFT that is not required for the assembly of cilia or flagella in the worm and fly. This also seems to be true for mammals, as mouse IFT25 is also not required for ciliogenesis for MEFs, skin, and tracheal epithelial cells [19, 20] . To explore if this is a general phenomenon, particularly for sperm flagella, which have the longest motile axonemal structures in vivo, we inactivated Ift25 gene in male germ cells and investigated the role of IFT25 in mouse flagella formation and male fertility. To our surprise, silencing the Ift25 gene in male germ cells resulted in severe spermatogenesis defects and male infertility, associated with dramatically reduced sperm number and disrupted sperm flagellar structures. The developed sperm completely lacked motility, and most lost "9+2" axoneme structure and had some abnormal accessory structures including missing outer dense fibers and disorganized fibrous sheath (FS). Some sperm flagella also lost cell membranes and some sperm had branched flagella. In the Ift25 mutant mice, IFT27, an IFT25 binding partner, was missing from the testis, and expression levels of other IFT proteins IFT20 and IFT81 were also reduced. Our findings suggest that IFT25, even though not necessary for cilia formation in the somatic tissues, is essential for sperm flagella formation, normal spermiogenesis, and male fertility in mice. Our studies strongly suggest that IFT25 has a different role in male germ cells compared to other somatic cells.
Materials and methods

Ethics statement
All animal work was approved by Virginia Commonwealth University's Institutional Animal Care and Use Committee (protocol AD10000167) in accordance with federal and local regulations regarding the use of nonprimate vertebrates in scientific research.
Generation of germ cell-specific Ift25 knockout mice
Ift25
flox/flox mice were generated previously by Dr. Gregory J. Pazour, University of Massachusetts Medical School [19] , and Stra8-iCre mice were purchased from the Jackson Laboratory (Stock No: 008208). Transgenic mouse line Stra8-cre expresses improved Cre recombinase under the control of a 1.4 Kb promoter region of the germ cell-specific stimulated by retinoic acid gene 8 (Stra8) [21] .
To generate the germ cell-specific Ift25 KO mouse model, the same breeding strategy to generate germ cell-specific Ift20 mice was used [22] . To genotype the offspring, genomic DNA was isolated as described previously [19] . The following primers were used for genotyping: Stra8-iCre forward: 5 -GTGCAAGCTGAACAA CAGGA-3 ; Stra8-iCre reverse: 5 -AGGGACACAGCATTGGAGTC-3 , and Ift25 genotypes were determined as described as previously [19] .
Real-time PCR
Total tissue RNA was isolated using TRIZOL reagent (QIA-GEN), and cDNA was synthesized using a first strand cDNA SensiFASTTM cDNA Synthesis Kit (BIOLINE). To compare Ift25 mRNA expression levels in different mouse tissues, realtime fluorescence quantitative PCR (qPCR) was conducted using the following primer pair designed with GeneScript tools: forward: 5 -CACCGAAGAGGCTAACCATT-3 , and reverse: 5 -GATGTGGCCAGAATCACTTC-3 . Mouse Gapdh was used to normalize the expression level.
Assessment of fertility and fecundity
To test fertility and fecundity, KO and control males (6 weeks old or 3-4 months old) were paired with wild-type females (3-4 months old) for 3 months. Mating cages typically consisted of one male and one female. Mating behavior was observed, and the females were checked for the presence of vaginal plugs and pregnancy. Once pregnancy was detected, the females were put into separate cages. The number of mice achieving a pregnancy and the number of pups from each mating set or pregnancy were recorded.
Western blot analysis
Tissue samples were homogenized in lysis buffer [(50 mM TrisHCl pH 8.0, 170 mM NaCl, 1% NP40, 5 mM EDTA, 1 mM DTT and protease inhibitors (Complete mini; Roche diagnostic)] using Ultra Turrax and centrifuged at 13 000 rpm, for 10 min at 4
• C. Protein concentrations were measured using Bio-Rad DCTM After washing three times with TBST, the membranes were incubated with the secondary antibody conjugated with horseradish peroxidase with dilution of 1:2000 at room temperature for 1 h. Followed by washing with TBST twice and last washing with TBS, the bound antibodies were detected with Super Signal Chemiluminescent Substrate (Pierce, Rockford, IL, USA).
Direct yeast two-hybrid experiment
To detect interaction between mouse IFT25 and mouse IFT27, full-length mouse Ift25 and Ift27 cDNAs were amplified using the following primers: IFT25forward: 5 -GAATTCATGAGG AAAGTGGATCTCTGC-3 , and IFT25reverse: 5 -GGATCCCTAAGGAAGACTTGAGACT G-3 ; a n d IFT27forward: 5 -CATATGGTGAAGCTAGCTGCCAAATG-3 , and IFT27reverse: 5 -GGATCCCTCACACCAGGGTATGGAAT-3 . After sequencing, the two cDNAs were cloned into pGADT7 and pGBKT7. IFT25/pGADT7 and IFT27/pGBKT7 or IFT25/pGBKT7 and IFT27/pGADT7 were cotransformed into the AH109 host strain using the Match-Maker two-hybrid System 3 (Clontech) according to the manufacturer's instructions. Two plasmids containing simian virus (SV) 40 large T antigen (LgT) in pGADT7 and p53 in pGBKT7 were cotransformed into AH109 and used as positive controls. Expression of both proteins (IFT25 and IFT27) was analyzed by western blot. The AH109 transformants harboring both IFT25/pGBKT7 (or IFT25/pGADT7) and IFT27/pGADT7 (or IFT27/pGBKT7) were streaked out in complete drop-out medium (SCM) lacking tryptophan, leucine, and histidine to test for histidine prototrophy. Coimmunoprecipitation Testicular extracts were prepared from adult wild-type mice using an immunoprecipitation (IP) buffer (150 mM NaCl/50 mM Tris-HCl, pH 8.0/5 mM EDTA/1% Triton X-100/1 mM PMSF/proteinase inhibitor mixture). Before IP experiment, the extracts were precleared with protein A beads at 4
• C for 30 min. After centrifuging at 12000 rpm for 5 min, the beads were discarded, and the supernatants were used for IP experiment. For each IP experiment, 1 mg of testicular protein was incubated with 1μg of anti-IFT25 (or IFT27) polyclonal antibody (rabbit IgG) or normal rabbit IgG (as a negative control) at 4
• C for 2 h, and protein A beads were added with a further incubation period at 4
• C overnight. The beads were washed with immunoprecipitation buffer four times, and loading buffer was then added to the beads, which were boiled at 100
• C for 10 min; the samples were then processed for western blotting with indicated antibodies.
Histology on tissue sections
Testes and epididymides of adult mice were fixed in 4% formaldehyde solution in Phosphate-buffered saline (PBS), paraffinembedded, and sectioned into 5 μm slides. Haematoxylin and eosin staining was conducted using standard procedure. Histology was examined using a BX51 Olympus microscope (Olympus Corp., Melville, NY, Center Valley, PA), and photographs were taken with the ProgRes C14 camera (Jenoptik Laser, Germany).
Spermatozoa counting
Sperm cells were collected into warm PBS from cauda epididymides and fixed in 2% formaldehyde for 10 min at room temperature. After washing with PBS, sperm were suspended into PBS again and counted using a hemocytometer chamber under a light microscope, and sperm number was calculated by standard method as we used previously [25] .
Spermatozoa motility assay
Sperm motility was evaluated under noncapacitation condition in both PBS and a noncapacitating medium containing the following compounds: NaCl (10 mM), KCl (4.4 mM), KH 2 PO 4 (1.2 mM), MgSO 4 (1.2 mM), glucose (5.4 mM), pyruvic acid (0.8 mM), lactic acid (2.4 mM), hepes acid (20 mM) [26] . Briefly, epididymal spermatozoa were squeezed out of the cauda epididymis and placed in warm PBS or the noncapacitating medium. Ten minutes after sperm were collected, sperm motility was observed using a Nikon TE200E inverted microscope on a prewarmed slide with SANYO color CCD, Hi-resolution camera (VCC-3972), and Pinnacle Studio HD (Ver.
14.0) software. For each sperm sample, eight fields were analyzed. Individual spermatozoa were tracked using the NIH ImageJ (NIH, Bethesda, MD, USA) and the plugin MTrackJ. Sperm motility was calculated as curvilinear velocity (VCL), which is equivalent to the curvilinear distance (DCL) that is traveled by each individual spermatozoa in one second (VCL = DCL/t).
Transmission electron microscopy
Mouse testes and epididymal sperm were fixed in 3% glutaraldehyde/1% paraformaldehyde/0.1 M sodium cacodylate, pH 7.4 at 4
• C overnight and processed for electron microscopy as reported [27] . Images were taken with a Jeol JEM-1230 transmission electron microscope.
Scanning electron microscopy
Mouse epididymal sperm were collected and fixed in the same fixative solution as transmission electron microscopy (TEM). The samples were processed by standard methods [27] . Images were taken with a Zeiss EVO 50 XVP scanning electron microscopy (SEM) at Microscopy Facility, Department of Anatomy and Neurobiology, Virginia Commonwealth University.
Statistical analysis
Analysis of variance (ANOVA) test was used to determine statistical difference; the 2-tailed student's t-test was used for comparison of frequencies. Significance is defined as P < 0.05.
Results
IFT25 is highly expressed in the mouse testis
To compare Ift25 mRNA expression levels in mouse tissues, qPCR was conducted using the cDNAs from eight mouse tissues, including heart, brain, spleen, lung, liver, kidney, muscle, and testis. Ift25 mRNA was highly expressed in the testis ( Figure 1A ). IFT25 protein expression was examined by western blot analysis. IFT25 protein was detected only in the testis when less sensitive Pico system was used to visualize the protein ( Figure 1B) . However, when the more sensitive Femto system was used, it was found that IFT25 is also expressed at low level in all the somatic tissues examined (Supplemental Figure 1A ). Dynamic expression of IFT25 during the first wave of spermatogenesis was further examined. The protein was detected from day 12 after birth, its expression level appeared to be upregulated from day 24 after birth, when the germ cells enter spermiogenesis, the final phase of spermatogenesis ( Figure 1C ), indicating that it plays particular roles in the late stage of spermatogenesis.
Generation of conditional Ift25 knockout mice
To investigate the role of IFT25 in male germ cell development, the same strategy used to study IFT20 [22] was applied to generate the conditional Ift25 KO mice. During the whole breeding process, no animal died, and no animal showed any gross abnormalities. The PCR-based genotyping confirmed that homozygous KO mice were obtained (Supplemental Figure 1Ba) . Western blot analysis showed that IFT25 protein was completely missing in the testes of the conditional KO mice (Supplemental Figure 1Bb) . In the following studies, the Stra8-icre;Ift25 flox/flox mice were used as KO, and the Stra8-icre; Ift25 flox/+ mice were used as the control.
Conditional Ift25 KO males are completely infertile
To examine the role of IFT25 in male fertility, KO and control males (6 weeks old or 3-4 months old) were bred to adult wild-type females over a period of 3 months. All the males showed normal mating behavior. However, all KO males at the two age groups were completely infertile, all the control males showed normal fertility ( Table 2) .
Abnormal sperm in the conditional Ift25 KO mice
To investigate the mechanisms underlining the infertility phenotype, we first examined cauda epididymal sperm by light microscopy. Sperm collected from the control mice demonstrated normal morphology ( Figure 2Aa ) and sperm counts ( Figure 2B ), and had normal motility (Figure 2C and D; Supplemental Figure 2 ; Supplemental Movies A and C). In contrast, sperm from the Ift25 KO mice showed multiple morphologic abnormalities, including round heads and tails that were short, bent, or branched. Some spermatozoa had relatively longer tails, but the tail thickness was not even, and some sperm tails appeared to have vacuoles. Some sperm had an abnormal light density along the flagella and some had enlarged tail tips (Figure 2Ab To gain more insight into the abnormal sperm morphology observed under light microscopy, epididymal sperm were further examined by SEM. Sperm from control mice had long and smooth flagella (Figure 3a ), but in KO mice normal-appearing flagella were never seen. Instead, all the abnormalities observed in the KO mice under light microscopy were better illustrated by SEM (Figure 3b 
Severe spermatogenesis defect in the conditional
Ift25 KO mice
Significantly reduced sperm counts and abnormal sperm morphology strongly suggested a spermatogenesis defect, which led us to examine testicular histology in control and the conditional KO mice. Testis size of the KO mice appeared to be normal, and there was no significant difference in testis and body weights, and testis/body weight ratio (Supplemental Figure 4) . In control mice, spermatogenesis was To test fertility, adult mature and 6-weeks-old males were bred to wild-type females for at least 3 months. Litter size was recorded for each mating. , which resulted in fewer sperm in the lumen, abnormal tail, and head formation, with abnormalities in nuclear shape from the step 16 spermatids. There was also failure of spermiation. Abnormal spermiogenesis was also detected in histological evaluations of the cauda epididymis. In the control mice, the cauda epididymis contained well-developed spermatozoa (Figure 4, panel C) . However, in the Ift25 KO cauda epididymis the lumen was filled with sperm having abnormal misshaped heads and abnormal cytoplasm attached to sperm tails, sloughed spermatids, numerous detached sperm heads and abnormal tails (Figure 4 , panel C).
Ultrastructural changes in the epididymal and testicular sperm of the conditional Ift25 KO mice
To examine ultrastructure changes of sperm in the absence of IFT25, TEM was conducted on the epididymal and testicular sperm of the control and the Ift25 KO mice. Control mice had normal epididymal sperm ultrastructure. The sperm showed typical "9+2" motile cilia axoneme structure, and accessory structures were present in their correct positions (Figure 5a and b) . However, multiple abnormalities were discovered in almost all epididymal sperm recovered from the KO mice, including deformed chromatin, disrupted "9+2" core axoneme structure, disorganized axoneme microtubule array, distorted membranes, misplaced and missing ODFs, and FS (Figure 5c-h) .
To understand if these abnormalities were caused during the transporting process from the testis or testis in situ, ultrastructure of testicular sperm was examined by TEM. In the control testis, welldeveloped sperm were present in the lumen of seminiferous tubules, as indicated by the cross-section of normal axonemes (Figure 6a and  b) . In the KO testes, flagellar axonemes were rarely seen in seminiferous tubules and lumen (Figure 6c ). In the few sperm discovered, none of them showed normal structure, and all displayed the abnormalities as observed in the epididymal sperm, including disrupted "9+2" motile cilia structure, particularly missing central apparatus, misplaced and missing ODFs (outer dense fibers), distorted membranes, and vacuoles in the sperm flagella (Figure 6d-j) , indicating that the abnormal ultrastructure observed in the epididymal sperm occurred within the testis.
Mouse IFT25 directly interacts with mouse IFT27
It has been shown that human IFT25 interacts with human IFT27 [12] , and Chlamydomonas IFT25 also interacts with Chlamydomonas IFT27 [17] . To determine if this interaction is a universal phenomenon among all species, we examined the interaction in the mouse by direct yeast two-hybrid assay. Like the positive control, yeast transformed with the IFT25/IFT27 pair grew on both selection and nonselection plates (Supplemental Figure 5A) , indicating that mouse IFT25 does interact with mouse IFT27 in yeast. To further examine if mouse IFT25 and IFT27 interact in vivo, co-IP was conducted using mouse testicular extract. When the anti-IFT27 antibody was used to pull-down the protein complex, not only was IFT27 precipitated, IFT25 was also coprecipitated (Supplemental Figure 5B) .
IFT25 regulates expression levels of other intraflagellar transport proteins, particularly IFT27 in male germ cells.
IFT proteins usually form a complex with other IFT proteins. To explore the potential functional relationship between IFT25 and other IFT proteins, levels of selective IFT proteins in the testis were examined by western blot analysis in the control and the Ift25 KO mice ( Figure 7A) . IFT27, the IFT25-binding partner was completely Step 3 round spermatid nuclei are normal in appearance. Sc, Sertoli cell; P, pachytene spermatocyte; Sg, spermatogonium. Panel B. Control (A-E) and Ift25 KO (F-J). Round spermatids are indicated by 1-7. Elongating spermatids are indicated by 9-16. P, pachytene spermatocyte; Z, zygotene spermatocyte. Bar = 10 μm for all photos. Stage VII-VIII: control and Ift25 KO step 7 round spermatids are normal. Elongated spermatids step 16 in control have thin, highly condensed nuclei that are aligned at the lumen for spermiation, but in the KO step 16 spermatids show abnormal alignment and head formations. P, pachytene spermatocytes. Bar = 10 μm for all photos. Stage IX: step 9 spermatids in control show the beginning of head elongation. In the Ift25 KO some step 9 cells are normal, but there is an inconsistent change in spermatid head elongation. There are also step 16 spermatid heads that were not released, an indication of failure of spermiation. Stage X: step 10 spermatids in controls have elongated and show the typical protrusion of the condensing head. However, step 10 spermatid heads in Ift25 KO males show significant abnormality in shape and appear disorganized in the epithelium. Numerous step 16 spermatids remain attached to the epithelium after failure of spermiation in stage VIII. An abnormal aggregate of step 16 spermatid heads (Ab) is seen near the lumen. Residual bodies (Rb) are also retained abnormally near the lumen. Stage XI: control step 11 elongating spermatids are well formed in the seminiferous epithelium above the large pachytene spermatocytes (P). In Ift25 KO, step 11 cell nuclei show abnormal shapes, and the heads of step 16 spermatids remain attached, rather than being released into the lumen. Stage I-III: round spermatids (1-3) appear normal in shape and numbers in both control and Ift25 KO testes. In control, the elongating spermatids steps 13-14 have condensed chromatin heads that are positioned throughout the epithelium. In Ift25 KO, step 13-14 cells show multiple head abnormal shapes, which appeared first in earlier stages. Panel C: cauda epididymis from control and Ift25 KO mice. Control sperm are highly concentrated in the cauda region, showing the head (Hd) and tails (T). In Ift25 KO, the cauda epididymis lumen is filled with abnormal sperm heads (Ab), abnormal cytoplasm attached to sperm tails (Ac), sloughed spermatids (Sl), numerous detached sperm heads and abnormal tails. missing in the Ift25 KO mice, and expression levels of IFT20 and IFT81 were also significantly reduced. However, expression levels of IFT74 and IFT140 were not changed ( Figure 7B ). Coimmunoprecipitation was conducted to examine if IFT20, IFT81, and IFT25 were in the same complex in vivo. An anti-IFT25 antibody was used to pull down testicular extract, and the presence of IFT20 and IFT81 proteins was examined by specific antibodies. Both IFT20 and IFT81, components of IFT-B complex, were coprecipitated ( Figure 7C ).
Discussion
The present study reveals the phenotype of mouse Ift25 gene inactivation in male germ cells, and compares protein expression levels of several other selected IFT proteins between the control and conditional IFT25 KO mice. We discovered that KO male infertility was associated with severe defects in the final phase of spermatogenesis, spermiogenesis. Only a few germ cells were capable of completing spermatogenesis and forming spermatozoa. However, those developed sperm lost complete motility and displayed abnormal flagella structure, particularly the accessory structures and most also had abnormal heads.
This severe phenotype was unexpected. As noted, genes encoding IFT25 homologs are absent from the genomes of organisms that lack cilia and flagella and also from those of Drosophila melanogaster and Figure 6 . Analysis of testicular sperm of the control and Ift25 KO mice by TEM. TEM images of testicular sperm from 4-month-old control and KO mice. In the control mice, sperm were easily discovered in the lumen of seminiferous tubules (a), and the ultrastructure was normal (b). However, few sperm were discovered in the KO (c), and the sperm usually have disorganized axoneme structure (d). The white arrow in "e" points to an axoneme missing several ODFs; the black arrow in "f" points to an axoneme missing one of the two central microtubule; the arrow head in "g" points to an axoneme with extra microtubules; the dashed arrow in "h" points to an axoneme missing the entire central microtubules; the white asterisk in "i" shows a sperm with distorted membrane; and the plus in "j" shows a sperm with a vacuole in the tail.
Caenorhabditis elegans, indicating that IFT25 has a specialized role in IFT that is not required for the assembly of cilia or flagella in the worm and fly [12] , and this is also supported by the observations from the mouse model that Ift25 was disrupted ubiquitously. Straight knockout of Ift25 resulted in multiple phenotypes related to the disruption of Hedgehog signaling pathway localized in the primary cilia; however, ciliogenesis was not affected as demonstrated by normal cilia morphology in MEFs, tracheal epithelial cells, and hair cells [19, 20] . Apparently, IFT25 plays different roles in the development of cilia/flagella in somatic cells and male germ cells. In the present model, Ift25 was inactivated only in germ cells. As expected, all KO mice survived to adulthood and did not show any gross abnormalities during the whole developmental stage. However, all KO males were infertile, presumably due to both significantly reduced sperm counts and disrupted development of the sperm head/flagella structures. All sperm, including those with short tails, and those with relatively long tails, showed no motility. Under light microscopy and SEM, a striking observation was sperm with branched flagella, and flagella that had variable thicknesses along the lengths of their tails, and the occasional swollen tail tips. TEM also showed vesicles/vacuoles in some area along the flagella. It is likely that the IFT mechanism is disrupted in the germ cells lacking IFT25, and cargo vesicles are not being transported efficiently and incorporated in the flagellum. A typical phenotype for ciliary retrograde transport failure is to form a bulb at the ciliary tip [28, 29] . Even though IFT25 is considered to be an IFT-B component, and disruption of IFT-B genes usually results in short cilia/flagella [28] [29] [30] , the swollen tail tips in the IFT25-deficient mice suggested that IFT25 might also be involved in retrograde transport. This is supported by SEM studies that showed irregularities all along some of the tails, and perhaps the accumulation at the end could be failure of vesicles to attach to the appropriate destination, causing them to accumulate at the end.
The mechanism(s) involving IFT25 regulation of spermatogenesis, sperm motility, and flagella integrity are not clear. IFT25 is present as a complex with other IFT-B proteins [10, 17] . In order to explore the possibility that the phenotype is due to altered expression of other IFT proteins in the absence of IFT25, expression levels of selected IFT protein, including IFT-B complex components, IFT20, IFT27, IFT74, IFT81, and IFT-A complex component, IFT140 were examined [31] [32] [33] [34] [35] [36] [37] [38] [39] . Not surprisingly, IFT140, as well as IFT74 expression levels were not changed. However, IFT27, an IFT25-binding partner, was missing in the KO mice. IFT20 and IFT81 expression levels were also significantly reduced. Similar to Ift25 gene, Ift27 is another gene absent from the genomes of organisms that lack cilia and flagella and also from those of Drosophila melanogaster and Caenorhabditis elegans. We also disrupted mouse Ift27 gene in mouse germ cells, and the phenotype was similar to the present Ift25 KO model, although there appeared to be several important differences (unpublished observation).
IFT20 is another IFT-B complex component. Our laboratory also disrupted this gene in male germ cells. Similar to the Ift25 KO mice, conditional Ift20 KO adult males were infertile with a defect in sperm flagella assembly [22] . However, some IFT20-deficient germ cells retained redundant cytoplasm, which was not observed in the conditional Ift25 KO mice. Some sperm were still motile in the Ift20 KO mice, even though the motility was significantly reduced [22] . However, no sperm were motile in the Ift25 KO mice. Thus, it is unlikely that IFT20 and IFT25 function in exactly the same mechanism. Both are involved in flagella assembly, probably through IFT mechanisms, but they have their unique roles in modeling sperm flagella structure and motility. The downregulation of IFT20 and IFT81 in the Ift25 KO might be the result of fewer germ cells having been enriched with these two proteins in the IFT25-deficient mice. It is also possible that these IFT proteins are in the same complex in male germ cells, and IFT25 stabilizes IFT20 and IFT81. Without IFT25, IFT20 and IFT81 are less stable. Our co-IP experiment confirmed that IFT25, IFT20, and IFT81 are indeed in the same complex. The role of IFT81 in male germ cell development remains to be determined.
The absence of flagella motility of the Ift25 KO mice is fascinating. In addition to normal structure [40] [41] [42] [43] , other factors also contribute to normal sperm motility, including the calcium (Ca2+) pathway and the cyclic adenosine monophosphate (cAMP)-dependent protein kinase or protein kinase A pathways, ion channels, reactive oxygen species (ROS), and control of cell volume and osmolarity . IFT25 contains a galactose-binding like domain (IPR008979), which in other proteins binds various ligands such as carbohydrates, phospholipids, and nucleic acids [69, 70] . It has been shown that overexpression of IFT25/Hsp16.2 activates Hsp90, and stabilizes lipid rafts by the activation of PI-3-kinase-Akt cytoprotective pathway [14] . Lipid rafts are specialized membrane microdomains that function as signaling platforms across plasma membranes of many animal and plant cells [71, 72] and have been identified in sperm [73, 74] . Recent studies suggest that sperm lipid rafts function in signaling upstream of cAMP synthesis, and are required for Ca(2+)-dependent pathways underlying activation in Ciona sperm [75] . Because it has been shown that IFT is required for some ion channels to be localized to the cilium [76, 77] , it is possible that IFT25 complex is also responsible for carrying certain ion channels to the sperm flagellum. It remains to be determined if lipid rafts and calcium signal are altered in the Ift25 KO sperm.
TEM studies revealed that some Ift25 KO sperm lost microtubules of the central apparatus, a structure only present in the motile cilia [78] . The central apparatus has been shown to be a key structure to regulate ciliary/flagellary motility; thus, the missing central apparatus likely contributes significantly to immotility of the Ift25 KO sperm [79] . Another interesting finding in the conditional Ift25 KO mice was the disruption in FS formation. The FS is a unique cytoskeletal structure surrounding the axoneme and outer dense fibers. It consists of two longitudinal columns connected by closely arrayed circumferential ribs that assemble from distal to proximal throughout spermiogenesis [80] . The FS functions as a scaffold for proteins in signaling pathways that might be involved in regulating sperm maturation, motility, capacitation, hyperactivation, and/or acrosome reaction and for enzymes in the glycolytic pathway that provide energy for the hyperactivated motility of sperm [81, 82] . Given that the FS is only present in the sperm flagella and not in other cilia/flagella, and the fact that IFT25 is not required for ciliogenesis for other cilia/flagella [19, 20] , it is highly possible that IFT25 plays its unique role in sperm flagella formation by remodeling the FS during spermiogenesis.
In the transfected mammalian cells, IFT25 was localized to the centrioles and cilia, the typical localizations of IFT proteins [10] . Because IFT25 plays a unique function in male germ cells, it apparently forms a unique complex in these nonsomatic cells, and to fulfill its function it may also require this unique localization. Unfortunately, because we had no success with immunofluorescence staining of male germ cells using three IFT25 antibodies that worked for western blot analysis, we do not know its specific localization. Thus far, IFT27 is the only protein that has been confirmed to interact with IFT25. Therefore, identification of the components of the IFT25 complex in male germ cells will also be necessary to understand its unique role in male germ cell development. These studies are currently being conducted in our laboratory.
In the present study, we analyzed ultrastructural changes of epididymal and testicular sperm; however, we do not know when these abnormalities occur during germ cell development. To answer this question, a close observation of the ultrastructure of germ cells at each step is needed. Particularly, IFT25 has been reported to be localized in the basal body in somatic cells [10] . Defects in this structure in the elongating spermatids should be paid additional attention because basal bodies are the template of the developing flagella [83] . From our present findings, we deduced that mitosis and meiosis phases appear to be normal. However, abnormalities occur in spermiogenesis when germ cells start changing morphology, including flagella formation. Even though we do not know where IFT25 localizes in male germ cells, we assume the locations should be related to the cargo transport system in the elongating spermatids, including the manchette and the developing axoneme. The manchette is a unique structure only present in the elongating spermatids [84] . Its proposed function is to transport cargo proteins to the basal bodies for sperm flagella formation [85] . IFT20 is localized in this structure [86] . Given that IFT20 and IFT25 are in the same complex, it is possible that IFT25 is also present in the manchette and plays a role in transporting cargo proteins along the manchette in addition to its role in the developing axoneme. Axoneme defects observed in this model might also be caused by the direct role of IFT25 in assembling the sperm axoneme. Recent studies demonstrated that abnormal accessory structure formation might cause axoneme defects [87] . It is also possible that the core axoneme defect in the Ift25 KO sperm was caused partially by the accessory defects.
Abnormal spermiation observed in the conditional Ift25 KO mice may also contribute to the reduced sperm number. Spermiation is the process of releasing sperm into the lumen from the seminiferous epithelium [88] . A similar phenotype was also observed in the conditional Ift20 KO mice [40] ; thus, IFT25 and IFT20 might coordinate to regulate spermiation.
The database, Esembl, reported five mouse Ift25 transcripts, Hspb11-001 to Hspb11-005. Hspb11-002 and Hspb11-005 do not translate any protein, and the other three transcripts have different 5 or 3 UTRs, but translate the same protein. Our RT-PCR, using the primer set encompassing the full length of the coding region, amplified only one amplicon from mouse testis cDNA, suggesting that only one IFT25 protein was in mouse testis. Western blotting using three different anti-IFT25 antibodies also revealed only one full length IFT25 protein in mouse testis, and the protein was completely missing in the testes of the conditional Ift25 KO mice. It is unlikely the phenotype was from disruption of another Ift25 isoform.
Overall, we studied the role of IFT25 in male germ cells, and discovered that even though this protein is dispensable for cilia formation of primary cilia and motile cilia of tracheal epithelial cells, it is indispensable for sperm flagella formation and sperm motility. This study uncovers a unique role of IFT25 in germ cell development. IFT25 might conduct multiple functions in germ cells' development and flagella formation, but the mechanisms need further investigation.
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Supplementary data are available at BIOLRE online.
Supplemental movies. Examples of sperm motility patterns from the conditional Ift25 KO and the control mice. Presented in the movies are short segments of freshly isolated, non-capacitated sperm from the control (A and C) and the conditional Ift25 KO mice. (B and D). Sperm were in PBS in movies A and B; in a non-capacitation medium in movies C and D. All segments were captured with a DAGE-MTI DC-330 3CCD camera and a Canon Optura 40 digital camcorder. Segments were assembled into the video using iMovie HD on a Dual 1GHz 414 PowerPC Processor G4 Apple Macintosh computer. Movie A and C. Representative movies from control mice. Notice that most sperm are motile and display vigorous flagellar activity and progressive long track forward movement.
Movie B and D. Representative movies from conditional Ift25 KO mice. Notice that there are less sperm compared to the control mice in the same dilution, and no sperm are motile at all. Supplementary Figure S1 . IFT25 expression in the wild-type and Ift25 KO mice. A. IFT25 expression in mouse tissues examined with highly sensitive Pico system. Notice that besides in the testis, IFT25 protein is also expressed in all the somatic tissues examined. B. IFT25 is absent from the testes of conditional Ift25 KO mice.
a. Representative genotyping result using specific primers for PCR. Upper panel: primer set to analyze Ift25 genotyping; Lower panel: primer set to detect Cre.
b. Examination of testicular IFT25 protein expression by Western blot using Pico system. Notice that IFT25 was expressed in the three control mice. However, no specific signal was observed in the three KO mice analyzed. Supplementary Figure S2 . Sperm motility analyzed in a noncapacitation medium. Sperm were collected into a non-capacitation medium from cauda epididymides of 4-month old control and conditional Ift25 KO mice. Ten minutes after collection, sperm were analyzed for motility. Three control and three KO mice were analyzed. Supplementary Figure S3 . More images showing abnormal sperm from the conditional Ift25 KO mice. A. Images taken by light microscopy (a-f). The two inserts in "a" show vesicles in the tail; the inserts in "b" show sperm flagella with different thickness (black arrow), different light density (dashed arrow), and swollen tail tip (arrow head); the inserts in "c" show sperm with swollen tail tips (arrow heads), flagella with different light density (black arrow), and round head (*); the insert in "d" shows a flagellum with uneven thickness along the tail; the inserts in "e" show a spermatozoa with short tail and swollen tail tip (black arrow), a spermatozoa with short tail, swollen tail tip, and round head (dashed arrow), and a sperm flagella with multiple vesicles (arrow head); the inserts in "f" show a spermatozoa with short tail and swollen head and tail tip (black arrow), and a spermatozoa with a bent tail (dashed arrow). B. Co-immunoprecipitation assay. Mouse testicular extract was pulled down using an anti-IFT27 antibody, and Western blot was conducted using an anti-IFt27 antibody and an anti-IFT25 antibody. IFT25 was co-precipitated together with IFT27 by the anti-IFT27 antibody.
